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The interaction of wheel and soil has been well studied in the filed called Terramechanics. In this field, 
mechanics of vehicle-terrain systems such as agricultural vehicles, construction vehicles, and, off-road vehicles, 
have been investigated. The principle of the wheel-soil interaction mechanics and the empirical models of the 
stress distributions beneath the wheels have been studied. Though int~nsiv~ researches regarding the wheel 
traction mechanic~ haS been reported, a complete wheel model to address wheel forees and torques has not been 
sufficiently analyzed. Subsequently, path plannin~ ahd control techniques for mobile robots have been thoroughly 
reported. However, because of the wheel slip, conventional approach for planning and control is not proper for a 
robot on loose terrain. 
From the above, the investigation on the contact and traction mechanics between the wheels and soil is 
foundational study, but simultaneously, this stu.dy is indispensable to better understand the motion behavio,r of a 
rover on loose soil. For eontrol phase, it can be expected that a rover ~vill realiz. e appropriate steering/driving 
maneuvers tq follow an arbitrarily path with ta~ing the wheel-soil interaction into account. Also, to clarify the 
mechanics of wheel slip will make it, be possible to improve a path planning strategy such that the rover could 
avoid inobility hazards and secure its 'safety, Therefore, this research addresses mainly three issues: I ) 
development of an analyiical model for investigations of the motion behavior of the rover on loose soil, 2) path 
following control with considering the ~lip-eompensated approach, and 3) path planning and performance 
evaluation method to obtain the. safest path in order to tackle the slip dynamic problem in the path planning issue. 
This dissertation consists of 7 chapters. 
Chapter I : Introduction 
This chapter introduces purpose and approach of this research. Literature reviews are also described in this 
chapter. 
Ohapter 2: Wheel-Soil Contact Modei based on Terramechanics 
This chapter addresses the development of the wheel-soil contact model. The wheel-soil contact model, which 
can caleulate the triaxial forces and resistance torques of the wheel on loose terrain, has been elaborated upon 
based dn terramechanics approach. In particular, the model for the side force has been proposed by considenjng 
the shear forceS beneath the wheel and the bulldozing resistance on the side face of the wheel. Through the 
single-wheel experiments using the simulated lunar soil and Toyoura sand, it has been confirmed that the 
wheel-soil contact model agrees well with the experimental results. 
Chapter 3: Wheel-and-Vehicle Dynamics Model 
In this chapter, the wheel-and-vehicle model to analyze the motion behavior of the rover is presented. The 
wheel-and-vehicle model, which considers whole forees and torques exerted on all the wheels, has been 






articulated multibody system in order to calculate the motion dynamics of the rover's body and chassis. In the 
numerical simulation, the contact/traction forces on each wheel are eYaluated by the wheel-soil contact model 
developed in Chapter 2 for the slip conditions at each moment; subsequently, these forces are incorporated into the 
forward dynamics computation to obtain the motion of the vehicle. Further, kinematic/dynamics parameters for 
the rover test beds using in this research have been identified. 
Steering maneuver analysis of the rover on loose soil has als6 been addressed. Through the steering 
experiments on horizontal case, it has been confirmed that the wheel-and-vehicle model Performs much better in 
predicting the steering trajectory as compared to the conventional kinematics-based model, which is termed the 
 bicycle model. T･he proposed model is verified along with the comparison between simulation and experimental 
results. 
Chapter 4: Mobility and Trafficability Analysis 
This chapter addresses the slope traversability analysis of the !over base4 on twd criteria. Mobility limit and 
Trafficability limit, both of which have been elaborated by focusing on the wheel force equilibrium and resistance 
torque. The criteria domina,ting the slope traversability have been validated along with the slope climbing 
experiments. The proposed criteria have been summarized as follows: the mobility limit depends on a vehicle 
performance (e.g. motor torque and vehicle configuration), whereas the trafficability limit is determined by a 
wheel-and-soil interaction (soil destruction around wheel.) Based on the mobility limit, it will be able to find what 
kinds of inotors are appropriate in an actual mission. Moreover. using the trafficability limjt, it will be possible to 
find a better control algorithm to climb/traverse a slope and also avoid a large slip/skid motion which may cause 
mission failures such as a stuck rover or a tipover. " 
Further, in order to analyze slope-traversing behaviors of the " ~ 
rover, the thrust-cornering characteristics cuive has been proposed. ~ ' *. 
*' 
The thrust-comering characteristics curve indicates that the ~ . v' 
traversable/untraversable condition can be determined by wheel , 
slippages. This analytical approach has been confirmed by the ' 
',' ',* ,* 
slope traversing experiments. Th~'* f'~' [Nl 
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Chapter 5: Path Following Control with Slip Compensation 
This chapter addresses two control approaches for path following in slope traversing situation; model-based 
feedforward control and sensor-based feedback control. The model-based feedforward control is to calculate a 
steering maneuver based on the thrust-cornering characteristics curve in advance, along with the force 
equilibriums between traction load of vehicle and wheel traction forces. On the other hand, the sensor-based 
feedback control is cohducted based on distance and orientation error~ that sensors lhounted on the rover can 
measure. This approaoh is able to derive both steering and driving maneuvers of the rover, al]owing it to follow an 
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arbitrary path while to simultaneously compensate for slip. 
Both control approaches have been validated through the dynamics simulation and slope traversing experiments. 
The effectiveness of both propos~d control has been verified by quantitative evaluations of distance and 
orientation errors. 
Further, advantages/disadvantages of each approach has been discussed and then one of the possibl~ approaches to 
compensate the disadvantage of each control has also been noted. 
Chapter 6: Path Planning and Perforhlance Evaluation 
In this chapter, path-planning and performance evaluation 
method is described. The proposed technique has been composed 
of three steps; l) the ipath planning to derive a candidate path, 2) 
the dynamics simulation in vyhich the rover is controlled to follow 
the candidate path, and 3) the path evaluation based on the 
dynamic simulation results. The demonstration for the proposed 
(Simulation for path plannlng and evaluation) 
technique has been described through comparisons bctween four typical paths. The result shows that the proposed 
technique is able to quantitatively evaluate and discuss slip less, hazard less, and energy less path. 
Chapter 7: Conclusion and Future Work 
The research in this dissertation is summarized and the main results are concluded in this chapter. Further, 
possible directions for future works are described. 
The research outcomes fiom this work are expected to coniribute to the future lunar/planetary exploration 
missions: first, it is expected that the knowledge the mobility/trafficability limit or the trust-cornering 
characteristics curve can be applied for design phases of wheel/rover chassis in order to enhance the mobility or 
trafficabi]ity of the rover. Subsequently, path-following control with slip compensation is also applied to not only 
planetary rovers but also vehicles on rough terrain, allowing them to mitigate wheel slippages and also to follow a 
given path. Further, the proposed technique for path-planning and perfonnanee evaluation enables the rover to 
travel effectively and avoid its mobility hazards, since the traversing perfonn,ance of rover on a given terrain map 
can be the preliminary predicted. ' 
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 論文審査結果の要旨
 月および惑星の表面操査を行う移動探査ロボットは,広範囲にわたる料学的調査や,将来の宇宙利用
 のための拠点建設作業などの屠的で活躍することが期待されている。しか一しながら,1月や火星の表面は
 砂や岩石でおおわれており,ロボットが目的地へ向かって自在に移動するためには,走行力学の狸解に
 基づいた制御法の開発が不可欠である。特に月表面は,レゴウスと呼ばれる粒子が細かく流動性に富ん
 .だ土壌でおおわれており,走行系にすべりを生じると臼標経路に沿った移動が実現できず,最悪の場合
 には移動不能に陥ることも懸念される。本論文は,車輪型の啓動探査ロボット(ローバー)を研究対象
 とし,軟弱土壌における車輪すべり≧駆動労の関係をモデル化し,土壌,車輪,車体のダイナミクスに
 対する理解に基づいて経路計画および追従制御の方法を論じ,実験による詳細な検証を行ったものであ
 ・り,全編7章よりなる。
 第1章は序論であり,本研究の背景および目的を述べている。
 第2章では・テラメカニクス(土質力学)に基づいて,車輪すべり≧駆動力の関係を精密にモデル化
 している。車輪の縦方向(進行方向)のすべりについては従来から多くの研究がなされてきたが,横方
 向のすべりの力学についてはほとんど議論されてこなかった。これに対し本研究では,車輪が生じる横
 方向のカを詳細に解析し・縦横のす尽りが混在する条件の下で,』定行抵抗と駆動力を的確に予測する数
 学モデルを構築し,実験にぶりその有用性を検証している。これは本論文の基礎を与えうものであり.,
 重要な成果である。『
 第3章では・探査白一バーの運動解析の手法を論じている.ロ[バー全体の挙動を解析し走行軌道を
 予測する手法として,従来から用いられできた運動学に基づく方法に対し,第2章で構築した車輪の力
 学モデノセに掌脚してサスペンション機構を含む車体全体のダイナミクスを取り扱う方法を開発してい
 る。開発された方法を用いて動力学シミュレ“ションを行うことで,獄一バーの走行軌跡を精度よく予
 測する蔦とが可能となり,これは有用な成果である。
 第4章では,斜面における探李ロー容一の走行性能について論じている。斜面登はんの性能は,車輪
 駆動系が出しうるM曾わilityり最大能力と,車輪と土壌との組み合わせによって定まるTr&欝cability
 の最木値によって限界が与えられることを示し,月模擬砂と4輪ローバーテストベッドを馬いた実験に
 より限界値を具体的に明らか値している。また,斜面横断の性能を評価する手法として,第2章におけ
 る車輪力学特性の計測結果に基づいて,スラスト・コーナリング臨線と名づける新しいチャートを提案
 し・車輪のすべり角と斜面横断性能との関係を解析的に明らかにし,そめ妥当性を実験により検証して
 いる。これらはいずれも新規性に富む概念であり,重要な成果である。
 第5章では,探査導一バーが与えられた目標軌道に追従するための制御手法について論じている。特
 に砂の斜面においては車輪のすべりによって走行軌跡にずれを生じてしまうが1スラズト・コーナリン
 グ曲線を用いること忙より車輪操舵角㊨ブイードフォワ」ド制御量を求めることができる。これに加え
 て,ロ「バーの走行速度を検出しながらフィードバック制御を行うごとにより非常に精度よく軌道追従
 がセきることを,実験により検証レている。これは有用な成果である。
 第6章では,探査P一バーが遠方の員標点まで走行する際の最適経路の決定法について論bている。環
 境の地形情報が与えられ土壌の特性が均一であるξ仮定レた場合,従来からの幾何学的な方法によって
 も最適経路の候補を挙げることはできる。これに対し本論文では,複数の候補経路に対し動力学シミュ
 レーションを行うことにより,車輪のすべり量および移動のた、めの消費エネルギーの観点か転,最適経
 路を選び出す方法を提案している。これは実際の探査活動において有用となる成果である。
 第7章は結論である。
 以上要するに本論文は,軟弱土壌の上を移動する探査ローバーの走行力学を明らかにし,その知見に
 基づいた走行性能評価,走行制御および経路誹画の方法を論じ,いくつかの重要な新しい概念および手
 法を提案してその有効性を実験により検証したものであり,その成果は航空宇宙工学および宇宙探査工
 学の発展に寄与するところが少なくない。
 よって,本論文は博士(工学)の学位論文として合格と認める。
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